The time variation of crustal velocities in tectonic regions is most reasonably attributed to stressinduced variations in crack porosity. The decrease in V•,/Vs before earthquakes is due primarily to a large decrease in Vp. This supports the Nur dilatancy hypothesis but not the effective stress hypothesis. New data from the San Fernando region verify the Vp drop, show that this drop cannot be entirely due to source depth effects, and give strong support to the explanation of material property, or path effect, rather than source effect variations. Calculations show that the crack-widening model works even for midcrustal depths in saturated rock. Narrow cracks of low aspect ratio are required to satisfy the velocity and uplift constraints. The recovery of velocity prior to fracture can be due to fluid flow or crack closure. The t • L •' relation does not require diffusion. Diffusion of groundwater or crack closure leads to increased pore pressure and rock weakening. Observations of gravity, conductivity, and crustal distortions along with velocities should narrow the choice of models. The crust in regions of thrust tectonics is probably always dilatant to some degree. The aftershock region is smaller than tl•e anomalous velocity region, which in turn must be smaller than the dilatant region. A simple relationship is derived for the relative sizes of the anomalous and aftershock regions.
. Saoarensky [1968] and ,4ggarwal et al. [1973] suggested that the main effect was due to an increase in V• during the anomalous period. However, the San Fernando study [Whitcomb et al., 1973] showed that the V•,/V• anomaly was due to a large decrease in Vp and a smaller decrease in V,. This observation combined' with the large spatial extent and time scale of the velocity anomaly for the San Fernando event seemed to give support to the dilatancy-diffusion model as formulated by Nur [1972] , Whitcomb et al. [1973] , and Anderson and Whitcomb [1973a, b] . The monitoring of quarry blasts in California (H. Kanamori and D. Hadley, personal communication, 1974) and measurement of P delays from teleseismic events [Stewart, '1973; Kanamori and Chung, 1974; Wyss and Holcomb, 1973] give additional support to the idea that crustal P wave velocities, at least in tectonic regions, can change with time.
There have been two hypotheses put forward to explain temporal velocity changes. The first hypothesis [Nur, 1972] attributes the onset of the anomaly to new crack formation; the second hypothesis attributes it to an increase in effective stress [/tggarwal et al., 1973] . The predictions of the two hypotheses are quite different and easily checked with present field and laboratory data. Nur [1972] showed that the low values of V•,/V8 could be matched by dry rocks, even of low porosity, but not by water-saturated rocks and therefore proposed that tile observed anomalies were due to the opening of dry cracks. Experimental [Nur and Simmons, 1969] and theoretical [Walsh, 1969] with the suggestion 
that the V•,/V• decrease is due to an increase in both V•, and V•.
The San Fernando event [Whitcomb et al., 1973] showed that the size of the velocity decrease was about the same as for smaller earthquakes and that the anomaly time scaled as L 2
This event also showed that the anomalous zone was much larger than the aftershock zone.
Whitcomb et al. [1973] proposed that the Vp and V•,/V• anomaly could be due to the widening of preexisting wet cracks, as well as the opening of new dry cracks as proposed by Nur [1972] , and that changes in uplift and electrical conductivity and other geophysical parameters would accompany these processes. Scholzet al. [1973] followed this model and correlated anomalies of published data of electrical resistivity, crustal uplifts, and other geophysical parameters with the same magnitude-time relationship as was produced by the velocity anomalies.
The recovery of the velocities prior to the earthquake also has several possible explanations. The simplest is that the newly opened cracks close up just prior to fracture [Brady, 1974] . This seems to be similar to the working hypothesis of the Soviets (D. Griggs and L. Knopoff, personal communication, 1973). One alternative is that water diffuses into the newly opened or widened cracks [Nur, 1972] . This has been termed the dilatancy-diffusion hypothesis [Anderson and Whitcomb, 1973a, b] .
ADDITIONAL SEISMIC EVIDENCE FROM THE SAN FERNANDO EVENT
In the previous study [Whitcomb et al., 1973 ] the events chosen for study were in the epicentral area of the San Fernando event. The study showed that most of the anomaly, if it was interpreted in terms of velocity changes, .was due to a decrease in compressional velocity. We now have virtually eliminated the possibility that the low velocity values observed during the precursory anomaly time are due to depth effects. Well-located shallow aftershocks of the San Fernando series give apparent 1497 V•, measured between stations PAS and RVR of 6.3 km/s, which requires that observed velOCiti es lowe r than this value cannot be due to a hypocentral depth effect. Although it would be extremely difficult to interpret the data in terms of source effectS' they could not be ruled out completely becauselthe The time scales of the above processes would presumably be quite different. In alternatives 1 and 2 one must postulate that crack closure or redistribution is part of the natural sequence of events that follow onset of dilatancy and precede failure.
The time scale would be related to the tectonic strain rate and would therefore be proportional to other time scales in the tectonic cycle such as repetition rates of earthquakes. In alternative 3 the time scale would be governed by the fluid flow rate in permeable rock and would therefore be a function of permeability, rock compressibility, and fluid viscosity. In alternative 4 the stress field and the rheological properties of the rock control the time scale.
The other geophysical manifestations of the recovery phase could resolve the possibilities. Geodetic, gravity, and leveling data should correlate with the velocity changes. For example, tension caused by uplift, allow shallow water to flood the dilatant region from the center out. This model is probably more appropriate for explaining the seismic and aftershock data. The time scale and inferred diffusion properties, however, are similar to the calculation referred to above.
There are several ways to test the reasonableness of the diffusion parameters implied by the duration of the anomaly time and hence the interpretation of the recovery mechanism as a diffusion phenomenon. In the Denver and RangIcy experiments, earthquake activity was directly related to fluid induring the accelerated dilatancy phase, the first part of the jection. In the Denver case, earthquakes appeared 5 km from anomalous period, line lengths and elevation should increase. Gravity should decrease, and electrical conductivity should increase. These changes will slow down as dilatancy hardening sets in. In the diffusion model, elevation should remain stable until adequate fluid pressure is available to weaken the rock and lead to accelerated motions just prior to failure. Electrical conductivity, velocity, and gravity will increase during the recovery phase due to pore filling.
In the crack closure model, geodetic measurements, gravity, and electrical conductivity, as well as velocity, should all reverse the behavior exhibited during the first part of the cycle except possibly in the vicinity of the incipient fracture.
Electrical conductivity changes depend on whether the rock is initially dry or wet and on the magnitude of the dilatancy volume change. Conductivity is generally dominated by conductive pore fluids. Increased crack volume in a dry rock should decrease the conductivity, whereas increased volume in a wet rock should at first increase the conductivity. If the dilatancy volume increase in a wet rock is large, void volume effects may begin to overtake the fluid conduction path effects, and conductivity may turn around and begin to decrease prior to the earthquake.
The recovery mechanism should satisfy the relation, time is approximately proportional'to area, discussed by Whitcomb et al. [1973] . Mechanisms 3 and 4 are basically diffusion mechanisms, and therefore t • A • LL For these. alternatives it remains only to show that the constant of proportionality is reasonable. It will be the hydraulic diffusivity on the one hand and a rock viscosity on the other.
In mechanism l, crack closure, the time scale is dictated by tectonic strain rates, and the anomaly time duration should be some small fraction of the recurrence interval, or the time required to build up from the ambient stress to the failure stress. 
ALTERNATE TO DIFFUSION
The recurrence interval between large Japanese earthquakes [Tsubokawa, 1969] 
SIZE OF THE DILATANT REGION
Geodetic studies indicate that the region of ground deformation during and after an earthquake corresponds roughly to the region of major aftershock activity but that the region of crustal movement before the earthquake is much broader [Bendefy, 1966] Walsh [1969] gives expressions for the elastic constants of a solid containing randomly oriented penny-shaped cracks. We have used his equations below. The effect of aligned cracks, such as one might expect in strongly dilatant rock, has been calculated by Anderson et al. [1974] . An alternate way of looking at the crack problem is currently being investigated by O'Connel! and Budiansky [1974] .
• Some numerical experiments giving V,/V, for dry and saturated rocks as a function of porosity 4• and aspect ratio a are given in Table 1 . Also given are the velocity changes associated with the change from saturated to dry conditions. Low values of V,/V• require that cracks be dry and that a • q0, but there is no constraint on absolute porosity.
The magnitude of the velocity change, going from saturated to unsaturated conditions, increases for a given 4•/a with decreasing 4• or a. For example, for the case of a • 4• the differences in Vp and V8 between saturated and undersaturated conditions are 10 and 3%, respectively, for a porosity of 1% and 17 and 5% for a porosity of 0.01%. Relative to the porefree aggregafe the Vp and Vs velocities in the dry porous aggregate are decreased by 20 and 14%, respectively, independent of porosity for a • 4•. Since the seismic data [ Whitcomb et al., 1973] indicate that the Vp/Vs ratio drops more than 10% in the anomalous period before an earthquake, it appears that the main effect is going from saturated to undersaturated rather than from pore-free dry rock to a dry porous rock as proposed by Nur [1972] .
The aspect ratio and porosity can be estimated from the data of Nur and Simmons [1969] In the dilatancy-diffusion model the recovery phase is due to increasing pore pressure due to the flow of watei into the anomalous region. In the crack closure model the recovery in velocities is due to decreased porosity and an increase in fluid velocities due to the reduction of pore spaces, i.e., the reverse of the first part of the anomaly cycle.
This situation can be illustrated in Figure 4 following Anderson and Whitcomb [1973b] . The compressional velocity was calculated on the assumptions that properties of the rock matrix are constant and the crack aspect ratio is constant (a = 0.005) for two initial porosities (0.1 and 0.2%) and on the assumptions concerning the change of pore pressure with porosity that (1) for an open system, pore pressure P•, is constant and (2) for a closed system, pore pressure is a calculable function of porosity. The variation of pore pressure and pore fluid bulk modulus in the closed system case is given in the lower two panels of Figure 4. . In the open system the velocity decreases slowly with porosity (dashed curves in Figure 4 ). In the closed system, when new fluid is not available to fill the newly created void space, the velocities decrease rapidly with porosity.
In the initial stages of dilatancy the pore pressure and bulk modulus are relatively constant (points 1 and 2 in Figure 4) , and the velocity decreases slightly. In the period of accelerated dilatancy, pore pressure drops• causing the velocity to drop from points 2 to 3. A further increase of porosity leads to a large further decrease of velocity. We .assume that fluid, after point 4, can flow into the anomalous region, and this leads to increasing velocity, even if porosity continues to increase. 
CONSTRAINTS ON POROSITY AND POROSITY CHANGE
In the dilatancy model it is assumed that the velocity drop is due to the opening of new dry cracks [Nur, 1972] or to the widening of preexisting saturated cracks [Whizcomb ez al., 1973] . In the latter case the reduction in velocity is attributed to undersaturation; i.e., part of the pore volume is occupied by vapor. This implies that the pore pressure just prior to the onset of the velocity anomaly is close to the vapor pressure if crustal temperatures are less than the critical temperature of water (374øC; at this temperature the critical pressure is 218 bars). Such low pore pressures are presumably the result of prior dilatancy, which has only a small effect on velocity as long as the pores remain saturated. Uplift, however, will occur during this stage.
The total increase in porosity is constrained to be small by the following argument. The increase in pore space must manifest itself in uplift and crustal stretching (opening of joints). If the effects are spread out over a large area, they may In the dilatancy-diffusion hypothesis, tWO physical parameters of the crust are important. The porosity increase required for undersaturation must be adequate to explain both decrease in velocity and increase in permeability. If permeability is high during the whole of the dilatancy period, the new crack porosity will remain saturated, and no velocity anomaly will result. On the other hand, if permeability is low throughout this period, no recovery will occur. Therefore an additional constraint on the dilatancy-diffusion hypothesis is that the porosity increase required to explain the velocity drop be adequate to explain the recovery behavior. Permeability must be low enough prior to the accelerated dilatancy period to permit undersaturation. Permeability after the onset of accelerated dilatancy must be high enough to be consistent with the time scale of the recovery process.
Empirically and theoretically, permeability is approximately proportional to &. For low-porosity rocks the relative change in bulk modulus is approximately proportional to relative changes in porosity. Since most of the decrease in V;, is due to a decrease in K, we can write dk 6OV• This is consistent with the measurements of Short [1966] . A 20% decrease in compressional velocity leads to more than a doubling of the permeability and consequently a halving of the time scale for diffusive equilibrium.
SUMMARY
There seems to be little doubt that cracks are involved in the onset of the velocity anomaly before earthquakes. The reSults of this paper verify our earlier work that the V;,/V8 anomaly is due primarily to a drop in V•, and demonstrate that it is probably a path rather than a source effect. We have also shown that the widening of saturated cracks rather than the opening of dry cracks is probably the main cause. Purely elastic effects such as decrease in tectonic stress or increase in effective stress can be ruled out. The total increase of crack porosity is constrained to be small, and the cracks must have small aspect ratios. Pore pressures just prior to the onset of the velocity anomaly must be small, and the permeability must increase substantially if the diffusion recovery mechanism is to hold. The inferred properties of crystalline rock at failure, such as velocity, porosity, and permeability, are reasonable when they are compared with laboratory data and with in situ measurements of the rate of migration of pore fluids. Estimates of permeability are not inconsistent with those required to explain the recovery time scale.
However, crack closure is also a viable mechanism for explaining the velocity recovery. The decrease in porosity and increase in the fluid bulk modulus would cause the velocities to recover and the effective stress to decrease, thereby weakening the rock. However, uplift, gravity, and resistivity changes during the recovery cycle would be different in this model from 
